Osteoprotegerin (OPG) acts as a decoy receptor for receptor activator of nuclear factor-kB ligand (RANKL) and TNF-related apoptosis-inducing ligand (TRAIL). OPG regulates bone remodeling and the immune response. The primary objective was to decipher, among human peripheral blood mononuclear leukocytes (PBML) that produce OPG, the subset(s) responsible for this synthesis and its regulation. To this end, normal human PBML and CD4-, 8-, 19-, 14-enriched subpopulations were studied in vitro for OPG synthesis. PBML were subjected to adherence and immunomagnetic separation, and OPG expression was analyzed by PCR, northern and western blotting, and ELISA. The antiapoptotic effects of OPG were studied on TRAIL-stimulated RPMI 8226 myeloma cells. OPG was time-dependently produced by primary CD4 þ T lymphocytes exclusively. OPG secretion was upregulated by anti-CD3 antibody stimulation or incubation with interleukin (IL)-4, IL-1b, TNF-a, GM-CSF, and vitamin D 3 . In contrast, IL-10 inhibited the basal and IL-4-induced production of OPG by T cells. Conditioned media from activated T lymphocytes decreased TRAIL-induced apoptosis of RPMI 8226 cells. This effect was reversed by addition of RANKL to the T-cell conditioned media. As human immunodeficiency virus-1 (HIV-1) targets CD4 þ T cells, we evaluated the effects of recombinant HIV-1 gp120 proteins on OPG synthesis. The gp120 from three different HIV-1 strains significantly reduced the basal output of OPG from T cells. Furthermore, all four protease inhibitors (PIs) used in highly active antiretroviral therapy decreased OPG synthesis by human blood T cells, nelfinavir being the most efficient PI. The simultaneous presence of an HIV-1 gp120 and a PI abrogated the basal output of OPG. In conclusion, these results highlight a new role for T lymphocytes involved in pathologies. Activated CD4 þ T cells could, through OPG release, have a paracrine effect on adjacent cells and contribute to reduce the local process of bone remodeling and cellular apoptosis.
Osteoprotegerin (OPG) is a soluble glycoprotein of the tumor necrosis factor receptor superfamily. OPG functions as a decoy receptor by blocking the interaction between the ligands receptor activator of nuclear factor kB ligand (RANKL) and TNF-related apoptosis-inducing ligand (TRAIL)/APO2L and their cognate receptors RANK and TRAIL-R1/TRAIL-R2, respectively. 1, 2 The RANK/RANKL system is necessary for osteoclast development and function. 3 OPG regulates this system and protects bone, as demonstrated by the severe osteoporosis that present OPG À/À mice. 4 Indeed, the administration of OPG mitigates bone loss in animal models of osteoporosis and arthritis. 4, 5 OPG treatment of a T-cell-dependent arthritis in rats prevents bone and cartilage destruction by blocking the effects of RANKL produced by activated T lymphocytes. 6 The RANK/ RANKL system is also implicated in dendritic cell-T lymphocyte interactions. 7 Thus, dendritic cell survival, T lymphocyte activation and B lymphocyte development, maturation, and function are regulated by OPG. 8, 9 Dendritic cells from OPG À/À mice present antigens (Ag) more efficiently and produce more inflammatory cytokines under soluble RANKL stimulation than do control DCs from wildtype mice. 9 Another function of OPG relates to its capacity to bind to TRAIL, which leads to increased cell survival. Apoptosis is stimulated by TRAIL in normal and malignant cells such as endothelial cells, prostate cancer cells, and myeloma cells. [10] [11] [12] TRAIL-induced apoptosis of primary CD4 þ T cells contributes to human immunodeficiency virus-1 (HIV-1) pathogenesis. 13 However, TRAIL has also been reported to enhance survival of vascular endothelial cells, and to stimulate proliferation of rheumatoid synoviocytes. 14, 15 In fact, the final outcome of these paradoxical effects of TRAIL has to take into account the possible presence of OPG that acts as a decoy receptor for TRAIL.
Besides its primary function of decoy receptor of RANK-L and TRAIL, OPG can also have agonistic effects. This extracellular protein has been shown to bind to membrane of osteoclasts and to stimulate a pro-matrix metalloproteinase-9 that requires phosphorylation of mitogen-activated protein kinases. 16 OPG can also promote the adherence of neutrophils to endothelial cells in vitro and in vivo. 17 Thus, the simultaneous functions of OPG as a natural decoy receptor and as a cellular stimulus do require a fine regulation for homeostasis. This raises questions on its cellular sources, biosynthesis, availability, and regulation knowing that OPG is a secreted protein only and is present in blood. OPG production is not restricted to bone cells. 4 Although cytokines, growth factors, hormones, and bioactive lipids are factors capable of modulating this production, studies on its expression and regulation in other cell types are limited. Recently, human peripheral blood mononuclear leukocytes (PBML) have been reported to release OPG. 18, 19 Freshly isolated normal T cells did not express OPG, whereas fresh T cells from patients with multiple myeloma did. 20 On the other hand, cultured T lymphocytes have been shown to inhibit osteoclast activity through an unidentified secreted factor. 21, 22 Together, these data indicate differences of OPG expression between fresh leukocytes isolated from healthy and diseased subjects, and between circulating and infiltrating cells. Note that infiltrating leukocytes are involved in a complex environment of cell-cell, cell-matrix interactions, and factors with stimulatory and inhibitory effects. With this point of view, the autocrine and paracrine activity of OPG could be implicated in the cellular regulation of RANK-and TRAIL-mediated functions.
In the present work, we demonstrate that, among normal human PBML, the CD4 þ subset of T lymphocytes is the exclusive immune cell type responsible for OPG formation. We next showed that, in addition to a time-dependent production of OPG by normal T lymphocytes, a stimulation by anti-CD3 antibody (Ab), interleukin (IL)-4, IL-1b, GM-CSF, TNF-a, or vitamin D 3 upregulated, while IL-10 downregulated, this OPG production. Moreover, conditioned media from nonadherent PBML were capable of decreasing TRAIL-induced apoptosis of human myeloma cells in vitro, an effect that was associated with OPG. Finally, as HIV-1-associated diseases are related to compromised CD4 þ T-cell functions, 23 we evaluated the effects of HIV-1 gp120 proteins and proteases inhibitors of highly active antiretroviral therapy (HAART) on the production of CD4 þ T-cell-derived OPG in vitro. Preparation and Culture of Peripheral Blood T Lymphocytes All steps of cellular preparations were carried out under sterile conditions at room temperature. The institutional review board of the Université Laval approved the present study and volunteers signed a consent form. Human venous blood collected on citrate phosphate dextrose adenine anticoagulant solution from healthy donors was diluted 1/2 with HBSS, layered over a Ficoll-Paque cushion, and centrifuged at 400 g for 20 min at 201C without brake. The PBML fraction was collected at the interface, and after a first wash in HBSS (300 g, 10 min), platelets were removed by another wash in HBSS (200 g, 10 min). 24 PBML were counted and resuspended in RPMI 1640 þ 10% FBS. Differential cell counts of leukocytes were performed by fluorescenceactivated cell scanning analysis (FACScan flow cytometer EPICS-XL, Beckman Coulter, Miami, FL) using forward angle and right angle light scatter characteristics and specific fluorescein-conjugated monoclonal anti-CD3 Ab, by Wright's and nonspecific esterase stains. PBML were constituted of 75-85% lymphocytes and 15-25% monocytes. Cell viability was routinely assessed by trypan blue dye exclusion test in each experiment after cell separation (greater than 99% for PBML) and at the time points studied (viability of PBML was about 98%). PBML were then subjected to adherence on plastic Petri dishes (5 Â 10 6 cells/ml, 371C, 90 min).
MATERIALS AND METHODS
The nonadherent fraction of PBML was recovered, counted and resuspended in RPMI 1640 þ 10% FBS. This nonadherent fraction represented 95-99% CD3 þ cells as analyzed by FACScan, and the monocyte contamination was less than 1% as assessed by nonspecific esterase staining. Possible proliferation of T cells during the 9 days incubation period was evaluated by using the Alamar Blue test (lot # 144 569 SA, Medicorp. Inc. Montréal, QC, Canada). The purified cells were resuspended in the incubation medium (RPMI 1640 þ 10% FBS) at 5 Â 10 6 cells/ml in 12-well plates (2 ml/well), and incubated at 371C, 5% CO 2 for up to 9 days. The different conditions of incubation included 500 pM GM-CSF, 10 ng/ml TNF-a, 10 ng/ml IL-4, 40 ng/ml IL-10, 10 ng/ml TGF-b, 10 À7 M vitamin D 3 , 10 ng/ml IL-1b, plastic bound monoclonal anti-CD3 Ab (anti-CD3 mAb), or 500 ng/ml recombinant HIV-1 gp120 proteins (from four different HIV-1 strains). Recombinant gp120 from HIV-1 SF162 , HIV-1 BaL , HIV-1 CM, and HIV-1 96ZM651 proteins' purity, as determined by SDS-polyacrylamide gel electrophoresis (PAGE) and Coomassie blue staining, was estimated to be 495%. PIs were prepared as stock solutions in DMSO to obtain a final concentration of DMSO in control or drugtreated cultures that did not exceed 0.1%.
Cells and supernatants were recovered at days 2, 4, 6, and 9. After centrifugation, cell pellets of each well were resuspended in 1.5 ml Trizol for RNA extraction. These preparations and supernatants were frozen at À201C until assayed. When required (western blot analysis, apoptosis assay), concentrated supernatants of T lymphocytes were obtained by centrifugation over Centricon Centrifugal Filter Unit with Ultracel YM-100 membrane (Millipore Corp., Billerica, MA, USA) at 5000 g for 30 min at 41C.
Magnetic Cell Sorting of CD14 þ , CD19 þ , CD4 þ , and CD8 þ Subpopulations Positive selection of monocytes, B and T lymphocytes was performed by adding magnetic cell sorting (MACS) colloidal superparamagnetic microbeads conjugated with monoclonal anti-human CD14, CD19, CD4 or CD8 antibodies, respectively, to a cooled and freshly prepared PBML or nonadherent PBML (for CD4 þ and CD8 þ cells) suspension in running buffer (PBS þ 5 mM EDTA þ 0.5% BSA) according to the manufacturer's instructions. Cells and microbeads were incubated for 15 min at 61C. Concurrently, the separation column was washed, incubated with MACS buffer. Five milliliters of ice-cold running buffer was added to the cellmicrobead mixture, and cells were gently resuspended. This suspension was loaded onto the magnetic separation AU-TOMACS column. The fractions enriched in CD14 þ , CD19 þ , CD4 þ , or CD8 þ cells were eluted with running buffer in fractions of 2 ml. Pure CD14 þ , CD19 þ , CD4 þ , and CD8 þ cells were washed, counted and resuspended in RPMI þ 10% FBS þ streptomycin to be further studied. For controls, pure T lymphocytes corresponding to CD3 þ cells were obtained from the effluent containing CD19-and CD14-depleted lymphocytes, washed, and adherence on plastic Petri dishes was carried out as described above to eliminate possible remaining adherent monocytes. Before incubations, purity of enriched subpopulations was assessed by FACScan and was recorded at 94-98% for CD19 þ and CD8 þ lymphocytes, at 92% for CD14 þ monocytes and 97% for CD4 þ lymphocytes.
Enzyme Immunometric Assays (EIA) OPG was evaluated by using an enzyme immunometric assay at two sites with HRP as tracer. Ninety-six-well plates were coated with a monoclonal anti-human OPG Ab (MAB8051, R&D) in phosphate buffer solution at pH 7.4. Sandwiches of Ag were made possible by using a compatible biotinylated second goat polyclonal anti-human OPG Ab (BAF805, R&D) in phosphate buffer solution at pH 7.4 containing BSA. AgAb complexes were detected by addition of a streptavidine-HRP conjugate which bound to biotinylated antibodies and by addition of tetramethylbenzidine as substrate of HRP. Concentrations of OPG were obtained from a standard curve generated by known concentrations of human recombinant OPG added to the incubation medium. The detection limits were 7.5 pg/ml for incubation materials, and 15 pg/ml for plasma samples obtained from heparinized blood samples centrifuged at 1800 r.p.m., 15 min, 41C. Interleukin-2 was measured by EIA with acetylcholine esterase as label and a detection limit of 5 pg/ml. 25 IL-4 was assessed by using the R&D human IL-4 Quantikine HS kit (# HS400) with HRP as tracer and detection limit of 32 pg/ml.
RNA Extraction and Purification
Total RNA was isolated from cells using Trizol reagent following the manufacturer's instructions. RNA isolation was obtained by chloroform extraction, isopropanol precipitation, and one ethanol washing. Briefly, 10 7 PBML were homogenized in 1 ml Trizol. After mixing with 200 ml chloroform, samples were centrifuged for 15 min at 10 000 g (41C), the upper aqueous phase was recovered and added to an equal volume of isopropanol. Mixtures were thoroughly vortexed and centrifuged 10 min at 12 000 g (41C). The precipitated RNA pellets were washed with 1 ml ethanol (70%, v/v). RNA pellets were recovered after centrifugation for 5 min at 120 000 g and were allowed to air-dry for 2-3 min before being resuspended in DEPC-treated water. The integrity of total RNA samples was evaluated by running them on a 1% agarose gel electrophoresis followed by ethidium bromide staining. RNA was quantitated by UV absorbance at 260 nm. For northern blot analysis, poly-A þ RNA was purified from total RNA using a Qiagen mRNA purification kit according to the manufacturer's specifications.
Northern Blot Analysis
Poly-A þ RNA was migrated on an agarose/formaldehyde gel and transferred onto a nylon filter (Hybond-XL) using a Vacugene transfer apparatus (Amersham Pharmacia Biotech, Inc.). RNA was fixed by a UV-crosslinker as specified by the manufacturer. Filters were hybridized with a 2.4 kb human OPG cDNA probe labeled with [a-32 P]dCTP using Neblot kit (New England BioLabs Inc.). Bands were revealed and analyzed with a BAS-1800 bioimaging analyzer.
Western Blot Analysis
To confirm appropriate expression of OPG, supernatants of T lymphocytes incubated in the presence of anti-CD3 þ IL-4 were analyzed by western blotting. Proteins of supernatants were concentrated by centrifugation over membranes with 100 kDa cut-off, were solubilized in SDS sample buffer, and were separated by a 10% SDS-PAGE under nonreducing conditions at 150 V (Miniprotean II equipment, Bio-Rad Laboratories Ltd, Mississauga, ON, Canada). Biotinylated dual-color protein standards were used as molecular weight marker. The proteins were transferred to a PVDF membrane in a semidry blotter (Bio-Rad) at 5.5 mA/cm 2 and 15 V at 41C for 90 min in transfer buffer, Tris Glycin containing 20% methanol and 0.2% SDS. The membrane was blocked with 5% dry milk in TBS-Tween for 60 min at room temperature, and analyzed by immunoblotting with 1 mg/ml of rabbit antihuman OPG IgG Ab in the blocking solution for 60 min. The membrane was then washed three times with TBS-Tween and incubated with 1:20 000 diluted goat anti-rabbit HRP conjugate in TBS-Tween for 45 min. After three successive washing steps in TBS-Tween of 15 min each, the proteins were detected by the ECL (enhanced chemiluminescence) detection system (GE Healthcare) and visualized on Kodak Blue XB-1 film (Eastman Kodak, Rochester, NY, USA). To ascertain the identity of bands immunoblotted by the rabbit anti-human OPG IgG, a competition assay was performed. Full-length recombinant OPG protein (R&D Systems) was incubated overnight with the Ab at 41C (peptide-Ab ratio 5:1). Western blotting was performed in the presence of Ab alone and in the presence of the OPG-neutralized Ab.
Apoptosis Assay OPG is a decoy receptor for TRAIL and a survival factor for human myeloma cells. 1, 12 The RPMI 8226 myeloma cells (CCL-155, ATCC, Manassas, VA, USA) were cultured in RPMI 1640 þ 10% heat-inactivated FBS and plated at a density of 1 Â 10 6 cells/ml into 96-well plates (Nalge Nunc International. Rochester, NY, USA). A dose-response effect of TRAIL on apoptosis of RPMI 8226 cells was performed using 1-100 ng/ml rhTRAIL or vehicle control (PBS) added to the incubation medium. To evaluate whether supernatants of cultured T lymphocytes contained functional OPG, additional experiments with RPMI 8226 myeloma cells were carried out using 20 ng/ml rhTRAIL with the simultaneous addition of 15 ng/ml rhOPG as a positive control, or 25 and 50% conditioned media from T lymphocytes (stimulated with 10 ng/ml IL-4 for 6 days). Conditioned media were concentrated supernatants from T lymphocytes (pool of three separate donors) obtained as described above to eliminate IL-4 and other low molecular weight proteins. Further, to verify that the antiapoptotic effect of T-cell supernatants was related to OPG, the above conditioned medium was added to RPMI 8226 cells with or without a five-fold excess of rhRANKL. After 24 h of incubation, apoptosis of RPMI 8226 cells was evaluated by FITC-labeled annexin-V together with propidium iodide (PI). Briefly, RPMI 8226 cells were centrifuged and resuspended in 500 ml of 1 Â binding buffer. Five microliter of FITC-labeled annexin-V and PI were added to cells. After a 5 min incubation at room temperature in the dark, 10 000 cells were analyzed by cytofluorometry. Cell mortality was calculated as the number of cells that were stained by FITC-labeled annexin-V or PI.
Plasma from HIV-Infected Individuals Plasma samples from 29 HIV-infected subjects were evaluated. Of the 29 HIV-infected individuals, 26 were receiving HAART including PIs at the time of sampling. Eighteen subjects (median age of 47 years) had a CD4 þ T-cell count o200 cells/mm 3 (median of 109 CD4 þ cell/mm 3 ) with a median plasma HIV viral load of 18 870 HIV RNA copies/ml. The remaining 11 subjects (median age of 46 years) had CD4 þ T-cell counts above 200 (median of 280 CD4 þ T cells/mm 3 ) with a median HIV load o50 HIV RNA copies/ml.
Statistics
Values were expressed as means ± standard error of the mean (SEM) of n experiments performed with cells from different donors. Statistical analyses were performed using GraphPad Instat 3.0 (GraphPad Software, Inc., San Diego, CA, USA). Paired groups were analyzed using the paired t-test. Significance was set at a two-tailed P-value of less than 0.05.
RESULTS

CD4 þ T Lymphocytes are Responsible for the Secretion of OPG
The first series of experiments was aimed at comparing the OPG production by PBML to that of nonadherent and adherent PBML. The secretion of OPG can be entirely attributed to the nonadherent fraction of PBML (Figure 1a ). This production increased from day 2 to day 9 of incubation. OPG reached a plateau after 9 days of incubation to decrease at 12 days (data not shown). Nonadherent PBML alone generated significantly more OPG at day 9 than the whole population of PBML (40 pg/ml/10 6 nonadherent cells instead of 31 pg/ ml/10 6 nonadherent þ adherent PBML considering that adherent PBML corresponded to 10% of the whole fraction, Po0.05). Could the time-dependent production of OPG by nonadherent PBML be related to a possible cellular multiplication? As evaluated by three different methods (hemacytometer, FACScan, and Alamar Blue), no significant differences in cell numbers were observed between days 2 and 9 of incubation (n ¼ 6). Moreover, the endogenous production of IL-2, a cytokine required for T-cell proliferation,
Osteoprotegerin production by CD4 þ T cells A Chakravarti et al peaked at day 4 of incubation (127±47 pg/ml; not shown) to decrease thereafter, a pattern different to that of OPG secretion. The production of IL-4, a cytokine that can stimulate the production of OPG (see below), was also evaluated and was not detected in the supernatants of PBML incubated for up to 9 days (n ¼ 4).
Are nonadherent human PBML (mainly T cells, as measured by FACScan: 90-98% CD3 þ cells) able to increase their synthesis of OPG in response to a pan-T-cell stimulus? An anti-CD3 mAb (clone OKT-3 with no effect on proliferation) coated to plastic stimulated the production of OPG by normal nonadherent PBML. OPG was detected in supernatants as early as 12 h after stimulation, with a maximum of 20 times the control production after 4 days of stimulation (Figure 1b) . This effect was associated with no significant differences of cell numbers (evaluated as above). Note that nonadherent PBML incubated in RPMI 1640 alone also produced OPG over 9 days, but to a lesser extent than in the presence of 10% FBS (data not shown).
To identify the relative contribution of the different subsets present in PBML, we next investigated the expression of OPG by PBML subpopulations that were purified by immunomagnetic separation to obtain CD4 þ (T helper lymphocytes), CD8 þ (T suppressor lymphocytes), CD14 þ (monocytes), and CD19 þ (B lymphocytes) cells. Among enriched subpopulations of CD4 þ , CD8 þ , CD19 þ , and CD14 þ blood mononuclear leukocytes, the production of OPG was restricted to the CD4 þ T lymphocytes (Figure 2a) . The CD4-positive subset of PBML strongly responded to the anti-CD3 mAb (Figure 2b) . The weak production of OPG by the CD4-negative subpopulation (mainly detected in anti-CD3 mAb-stimulated cells) could be related to the small percentage of contaminating CD4 þ cells (1.2%). The dimeric form of OPG (110 kDa) was the major product released by T cells (Figure 2c, lane 1) . To confirm the identity of the band immunoblotted by the rabbit anti-human OPG Ab, competition with a recombinant OPG protein was carried out that led to the disappearance of the specific band of 110 kDa (Figure 2c, lane 2) . In addition, northern blotting of polyA þ RNA isolated from normal human blood T lymphocytes was conducted in parallel to MG63 osteosarcoma cells that constitutively express OPG mRNA. Hybridization of polyA þ RNA of MG63 cells yielded one major 2.4 kb OPG transcript, consistent with previous reports (Figure 2d, lane  1) . 8, 26 However, polyA þ RNA from T lymphocytes hybridized with the same OPG probe revealed four transcripts of 4.0, 2.4, 2.2, and 1.3 kb, the latter being overexpressed relative to the others (Figure 2d, lane T cells) . The 4.0 and 2.4 splice variants have been previously detected in various tissues and somewhat characterized. 26 However, the most abundantly expressed 2.2 and 1.3 kb OPG mRNA detected in T cells are newly identified transcripts suggesting that the OPG transcripts splicing patterns differ between tissues.
OPG Produced by T Lymphocytes is Differently Regulated by Cytokines
The next step was to examine how T lymphocyte-derived OPG might be regulated by various factors of pathophysiological significance. In this series of experiments, normal human blood T lymphocytes were cultured for up to 9 days in the presence or absence of optimal concentrations of selected autacoids. Factors such as IL-1b, GM-CSF, TNF-a, or vitamin D 3 induced a slight, but significant, increase of OPG production by T lymphocytes after 6 days of incubation (Table 1 ). The percentages of increase ranged from 129 to 147%. In contrast, TGF-b, known to augment OPG synthesis in osteoblasts, had no influence on the OPG production by T lymphocytes, even used at 10 times the optimal dose (data not shown).
Th2-type cytokines, like IL-4 and IL-10, have been shown to reduce bone resorption through mechanisms of action that could implicate OPG. 27, 28 As shown in Figure 3a , IL-4 significantly increased the basal output of OPG produced by normal T cells at day 2, 4, 6, and 9 (1100, 240, 170, and 210% of matched controls, respectively). However, IL-10 inhibited the formation of OPG by T cells (Figure 3b) . A significant inhibition of the time-dependent production of OPG was obtained at day 4, 6, and 9 (63, 62, and 54% inhibition of matched controls, respectively). Moreover, the addition of Figure 2 Production of OPG by normal human PBML subpopulations. (a) PBML were subjected to positive immunomagnetic isolation using CD4-, CD8-, CD19-, and CD14-conjugated magnetic beads. The PBML subpopulations (5 Â 10 6 /ml) were incubated in RPMI 1640 þ 10% FBS for 9 days, and supernatants were successively collected at days 2, 4, 6, and 9 to evaluate the accumulation of OPG by EIA. Results are expressed as means ± s.e.m. (n ¼ 3), and statistics used the paired two-tailed t-test, *Po0.05. (b) Normal human nonadherent PBML were separated by using CD4-conjugated magnetic beads. CD4-positive and CD4-negative subpopulations (5 Â 10 6 /ml) were incubated in RPMI 1640 þ 10% FBS for 9 days in the presence of 10 mg/ml anti-CD3 mAb coated to plastic, and supernatants were successively collected at days 2, 4, 6, and 9 to evaluate the accumulation of OPG by EIA. Results are expressed as means ± s.e.m. (n ¼ 3). (c) Supernatants of normal human nonadherent PBML stimulated by plastic bound anti-CD3 mAb and IL-4 for 6 days were subjected to western blot analysis. Supernatants were collected, concentrated over centrifugal filter device (100 kDa membrane cut-off), and proteins were solubilized, separated by SDS-PAGE in nonreducing conditions, immunoblotted with a rabbit anti-human OPG IgG without (lane 1) or with a pretreatment with the recombinant protein OPG (lane 2), revealed by a goat anti-rabbit HRP conjugate detected by the ECL system. The western blot presented is representative of two different normal subjects. Osteoprotegerin production by CD4 þ T cells A Chakravarti et al IL-10 to the cells incubated in the presence of IL-4 drastically decreased both basal and inducible productions of OPG (Figure 3c ). At day 2, IL-10 completely abrogated the generation of OPG and then inhibited significantly the accumulation of OPG at day 4, 6, and 9 (83, 86, and 93% inhibition of the IL-4-induced production, respectively).
Conditioned Media from Normal Human Blood T Lymphocytes have Survival Effects on TRAIL-Induced Apoptosis of RPMI 8226 Myeloma Cells
OPG is a decoy receptor for TRAIL, a protein that induces apoptosis of RPMI 8226 myeloma cells in vitro. 1, 12 The next series of experiments evaluated the effects of conditioned media from T lymphocytes on apoptosis of RPMI 8226 myeloma cells in the presence of exogenous TRAIL. As shown in Figure 4a , recombinant human TRAIL induced a dosedependent apoptosis of RPMI 8226 cells. After 24 h in the presence of 1 or 500 ng/ml of rhTRAIL, survival of RPMI 8226 cells was 61.2 ± 6.8 or 3.4 ± 0.4%, respectively. Addition of recombinant human OPG (15 ng/ml) inhibited TRAILinduced apoptosis (Figure 4b) . Moreover, conditioned medium from T lymphocytes (containing 9.6 ng/ml OPG) significantly inhibited apoptosis of rhTRAIL-treated RPMI 8226 cells when added by half of the incubation volume (Figure 4b ). The affinity of RANKL to bind to OPG is 30 times higher than that of TRAIL for OPG. 1, 29 Thus, RANKL, added at an appropriate concentration to conditioned medium from T lymphocytes, would bind preferentially to OPG. The consequence would be a net loss of OPG activity in parallel to a persistent activity of TRAIL. As shown in Figure  4c , an excess of rhRANKL significantly affected the increased survival of RPMI 8226 myeloma cells in the presence of T-cell conditioned medium (43 ± 2 and 61 ± 5% with or without RANKL, respectively), whereas rhRANKL alone did not affect cell viability. Thus, OPG present in conditioned medium from T lymphocytes functioned as a survival factor for RPMI 8226 myeloma cells incubated in the presence of TRAIL.
The Production of OPG by Normal Human Blood CD4 þ T Lymphocytes is Inhibited by HIV-1 gp120 Proteins and by PIs
HIV-induced disease is associated with a CD4 þ dysfunction. 23 In addition, CD4 þ T lymphocytes targeted by gp120 is fundamental to the pathogenesis of AIDS. 30, 31 Having established that CD4 þ lymphocytes, among human PBML, were the essential source of functional OPG, the next series of experiments were devoted to the study of the effects of HIV-1 gp120 proteins on the production of OPG by normal T cells. As shown in Figure 5a , the recombinant gp120 from different HIV-1 strains significantly diminished the basal output of OPG generated by blood T cells from three healthy subjects. A significant reduction of OPG production was observed from day 4 to day 9 of incubation. Among the four strains tested, gp120 from HIV-1 BaL , HIV-1 CM, and HIV-1 SF162 proteins inhibited the OPG production by CD4 þ T lymphocytes, while gp120 from HIV-1 96ZM651 did not ( Figure  5b ). The concentration-dependent inhibition was maximal at 500 ng/ml of gp120 proteins at day 9 (48, 76, and 56% inhibition, respectively). No effect on cell viability was observed (not shown).
Certain PIs linked to osteopenia, such as ritonavir and saquinavir, have been shown to interfere with RANKL activity from T cells. 32 In addition to the HIV-1 gp120-induced inhibition of OPG production by T cells, could PIs directly modulate T-cell synthesis of OPG? The effects of four different PIs that are constituents of HAART (indinavir, nelfinavir, ritonavir, and saquinavir) were studied on the basal production of OPG by T lymphocytes from three healthy donors. A dose-response effect (1, 5, 10 mM) for each of the four PIs indicated that 10 mM was the optimal concentration to use without alteration of T-cell viability (data not shown). The four PIs decreased the basal production of OPG by T cells. Nelfinavir and ritonavir were the most effective compounds that inhibited the basal output of OPG at day 9 of incubation ( Figure 6a) . Similar results were obtained with total T cells from nonadherent PBML or with CD4 þ T lymphocytes purified by immunomagnetic isolation (Figure 6b) . Individually, HIV-1 gp120 proteins or PIs decreased the basal output of OPG production by T cells. Could the simultaneous presence of HIV-1 gp120 and a PI additively affect T-cell production of OPG? As ritonavir was already associated with ostepenia and was found to impact on T cells, 32 the next series of experiments were carried out with this PI. Incubation of T cells in the presence of HIV-1 gp120 and ritonavir resulted in the abrogation of OPG production at day 4, and a strong inhibition at days 6 and 9 (84 and 87%, respectively; Figure 6a) .
Finally, plasma concentrations of OPG from 29 HIV-infected individuals (26/29 received HAART) were retrospectively evaluated and were significantly lower (209 ± 23 pg/ml) than plasma OPG concentrations of 62 age-matched controls (502 ± 50 pg/ml).
DISCUSSION
The biological activity of OPG has been predominantly studied in two receptor-ligand systems, which are the OPG/ RANKL/RANK and the OPG/TRAIL(APO2)/TRAILR molecular systems. Thus, OPG was first identified as a factor that inhibits the development and activity of osteoclasts by binding to RANKL. 2, 4 OPG was then showed to block TRAIL-induced apoptosis and, interestingly, binding of OPG to TRAIL abrogated its anti-osteoclastogenic activity.
1 A hallmark of chronic inflammatory reactions is the prolonged presence of tissue-activated T lymphocytes involved in disease-specific lesions. Deleterious consequences of such T cells have been demonstrated by using a rat model of adjuvant arthritis. Activation of T cells in vivo induced an RANKLmediated increase of osteoclastogenesis and bone resorption. 6 Similarly, T lymphocytes activated by human myeloma cells have been associated with an RANKL-stimulated osteoclastogenesis and bone destruction. 33 Moreover, autoimmune colitis associated with spontaneous osteopenia has been linked with an increased production of RANKL by autoreactive CD4 þ T cells. 34 The present demonstration of spontaneous and inducible OPG production by CD4 þ T lymphocytes in culture could represent a physiological mechanism to compensate, at least in part, the consequences of increased RANKL. It is of note that CD4 þ T-cell-derived OPG efficiently functions to neutralize exogenous TRAIL responsible for apoptosis of RPMI 8226 myeloma cells (Figure 4b) . Moreover, the specificity of OPG inhibition of RPMI 8226 apoptosis was confirmed by the neutralization of this effect after addition of exogenous RANKL (Figure 4c) . The compensatory effect of OPG from T cells, though important for homeostasis and physiological inflammation, Figure 3 Effects of IL-4 and IL-10 on the production of OPG by normal human blood T lymphocytes. The nonadherent fraction of PBML (5 Â 10 6 / ml) resuspended in incubation medium were incubated at 371C for 9 days in the presence of 10 ng/ml IL-4 (a), 40 ng/ml IL-10 (b), or 10 ng/ml IL-4 ± the simultaneous presence of 40 ng/ml IL-10 (c). Supernatants were successively collected at days 2, 4, 6, and 9 to evaluate the accumulation of OPG by EIA. Results are expressed as means±s.e.m. (n ¼ 5). Statistics: paired two-tailed t-test, *Po0.05.
Osteoprotegerin production by CD4 þ T cells A Chakravarti et al might be overridden in chronic disease conditions. For instance, although myeloma T lymphocytes released high levels of RANKL, OPG, and TRAIL, OPG was shown to be inactivated by its binding to TRAIL. 20 OPG and TRAIL are also expressed by cells from prostate and breast cancers where OPG is a survival factor through inhibition of TRAIL-induced apoptosis of tumor cells. 10, 35 Inversely, the decrease of OPG production by T cells induced by causal factors of certain pathologies could be a factor of enhancement of the local abnormal response. This condition of aggravation is suggested by our data that showed a strong reduction in T-cell synthesis of OPG by HIV-1 gp120 proteins and PIs. The conditions of synthesis of OPG by T cells are different from those of RANKL and TRAIL. T cells do not produce RANKL and TRAIL spontaneously, and their activation is a prerequisite to generate these factors. 6, [36] [37] [38] On the other hand, T cells in culture were shown to have a time-dependent production of a basal output of OPG without any stimulus (Figure 1a) , production that increased in the presence of various stimuli (Figure 1b, Table 1 ). Our data suggest an auto and paracrine role of OPG produced by T cells to maintain homeostasis and to counterbalance the production of RANKL and TRAIL by activated T cells. Moreover, the production of OPG by T cells is restricted to CD4 þ lymphocytes (Figure 2a) , a pattern different from that of RANKL and TRAIL, which are both produced by CD4 þ and CD8 þ cells. 37, 39, 40 In 1990, Fujita et al 41 already reported that high blood CD4 þ was associated with low osteoclastic bone resorption. Activated T cells have the capacity to suppress osteoclastogenesis through the production of IFN-g which interferes with the RANKL-RANK signaling pathway by activation of TRAF6 degradation. 42 Moreover, CD4 þ , but not CD8 þ T lymphocytes, are the cell type responsible for the production of osteoclastogenesis inhibitory cytokines such as IFN-g and GM-CSF. 43 Our present data add to T-cell-derived anti-osteoclastogenesis factors generated by CD4 þ lymphocytes the production of OPG, which can be strongly increased depending on the stimulus (Figure 1b , Table 1 ). This is particularly relevant when referring to variability of the effects of T cells on osteoclastogenesis in vitro, a phenomenon that essentially depends on the conditions of lymphocyte stimulation. 44 It is also interesting to note that the production of OPG by lymphocytes differs depending on the species. Our data indicate that human B lymphocytes (purified as Osteoprotegerin production by CD4 þ T cells A Chakravarti et al CD19 þ cells) did not generate detectable amounts of OPG in culture (Figure 2a) , while peripheral B cells of murine origin are an important source of this decoy receptor. 45 The production of OPG by T cells was greatly increased by two conditions of stimulation, that is the anti-CD3 mAb and IL-4 (Figures 1b, 2b, and 3a) . The CD3 antigen is associated with the T-cell receptor and its signal transduction. A T-cellspecific immune response in the presence of an anti-CD3 has been shown to induce the production of RANKL and TRAIL. 46 Thus, the present data on OPG production by T lymphocytes in response to an anti-CD3 mAb (Figures 1b  and 2b ) suggest a role for OPG to counterbalance the anti-CD3-induced production of RANKL or TRAIL. OPG produced by T cells could have, for instance, a homeostatic role in conditions where TRAIL is implicated in CD4 þ killing of antigen-presenting cells, in clonal expansion of CD8 þ T Figure 5 Recombinant full-length HIV-1 gp120 inhibits the production of OPG by normal human blood T lymphocytes. (a) Nonadherent PBML (5 Â 10 6 /ml) were incubated in RPMI 1640 þ 10% FBS for 9 days in the presence of 500 ng/ml of one recombinant HIV-1 gp120 protein; gp120 from four different HIV-1 strains were studied. Supernatants were collected at days 4, 6, and 9 to evaluate the concentrations of OPG by EIA. Results are means±s.e.m. of data of the effects from each of the four strains on OPG production by nonadherent PBML from healthy donors; results are representative of three different donors . Statistical analysis was performed for each donor by a two-tailed t-test (OPG accumulation in the presence of HIV-1 gp120 protein vs matched controls); *Po0.05. (b) CD4-positive T lymphocytes obtained by immunomagnetic isolation from PBML were incubated at 5 Â 10 6 /ml in RPMI 1640 þ 10% FBS for 9 days in the presence of 500 ng/ml of the recombinant gp120 from four HIV-1 strains. Supernatants were processed as above. Results are means ± s.e.m. of three different healthy donors. Statistics: paired two-tailed t-test, *Po0.05.
Osteoprotegerin production by CD4 þ T cells A Chakravarti et al memory cells or in apoptosis of primary plasma cells. 40, 47, 48 On the other hand, IL-4, a cytokine of the Th2 type, inhibits osteoclast formation and function in vitro and in vivo. 49 This inhibition involves direct effects of IL-4 on osteoclasts. 27, 50, 51 Indirect antiosteoclastogenic effects of IL-4 have been, however, reported that were dependent on T cells. 22 Thus, our data on the IL-4 activation of OPG synthesis by T cells (Figure 3a) indicates that indirect inhibitory effects of IL-4 on osteoclastogenesis is not limited to the IL-4 inhibition of RANKL production by T cells. 52 The other Th2-type cytokine IL-10 is known to decrease osteoclastogenesis by reducing the differentiation of precursors only, without any effect on mature functional osteoclasts. 28 However, the strong inhibitory effect of IL-10 on the production of OPG by human blood T cells (Figure 3b and c) indicates that, in a context of T-cell-osteoclast interactions, IL-10 could indirectly act on mature osteoclasts by enhancing their functions through a reduced inhibition of RANKL effects. These two Th2 cytokine members have already been shown to differ in their effects. For instance, IL-4, but not IL-10, has antiapoptotic effects on synoviocytes. 53 The differential mechanisms of the regulation of T-cell synthesis of OPG by IL-4 and IL-10 remain to be elucidated.
The disease caused by the retrovirus HIV-1 initially depends on the CD4 þ T-cell subset. Altered cytokine production is an example of the disordered functions of HIV-infected CD4 þ T cells. 23, 54 Moreover, the envelope glycoprotein gp120 of HIV-1 binds to CD4 determinants on /ml in RPMI 1640 þ 10% FBS for 9 days in the presence of 10 mM nelfinavir or ritonavir. Supernatants were successively collected at days 4, 6, and 9 to evaluate the accumulation of OPG by EIA. Results are expressed as means ± s.e.m. (n ¼ 3). Statistics: paired two-tailed t-test, *Po0.05, þ Po0.01.
Osteoprotegerin production by CD4 þ T cells A Chakravarti et al normal T cells and induce immune defects in these lymphocytes. 55 The present data on the inhibition of T-cell production of OPG by three strains of HIV-1 gp120 proteins ( Figure 5 ) add another candidate molecule to the factors suppressed by these glycoproteins. Surprisingly, the HIV-1 96ZM651 gp120 was the only gp120, among the four tested, that has no effect on the OPG production by CD4 þ T cells (Figure 5b) , a result also obtained with the whole population of T cells (Figure 5a ). Differential mechanisms of inhibitory vs noninhibitory gp120 proteins on the OPG production by CD4 þ T cells remain to be elucidated. On the other hand, HIV-1 gp120 proteins have been shown to increase RANKL expression by T cells. 32 Certain PIs also increase RANKL by reducing the IFN-g-mediated degradation of the RANKL signaling adapter protein TRAF6. 32 Our findings that certain PIs drastically reduced the production of OPG by T cells, an effect that was amplified by the presence of HIV-1 gp120 proteins (Figure 6a ), indicate that the simultaneous presence of these factors can have major effects on regulatory autacoids of immune response and bone remodeling, such as OPG and RANKL.
Our in vitro data could suggest that patients affected with HIV-1, in particular those receiving PIs, could have abnormal low circulating OPG. We retrospectively measured OPG in plasma from 29 individuals infected with HIV-1. Concentrations of circulating OPG were greatly diminished in HIV-1-infected subjects (209 ± 23 vs 502 ± 50 pg/ml for agematched controls). Our results of plasma concentrations of OPG in healthy subjects were in the range of those previously reported using similar anti-OPG antibodies to set up the ELISA. 56 Despite diverse patient profiles, the diminished CD4 þ counts in the HIV individuals studied (184±30 vs 500-1600/mm 3 in normal subjects) and the uniformly decreased blood concentrations of OPG were in accordance with the abnormal CD4 characteristics that define the HIVinduced disease. 23 Our OPG concentrations in plasma from HIV-infected subjects were different from previous data that reported a 52% increase of serum OPG in their cohort of HIV subjects. 57 Although OPG concentrations were measured by the same set of anti-OPG antibodies, two major differences between both studies can, however, explain this discrepancy. Firstly, our OPG evaluation was performed on plasma from HIV individuals instead of serum in Ueland et al's report. 57 It has already been shown that serum concentrations of OPG were significantly higher than those measured in plasma from heparinized blood. 58 Such differences between serum and plasma measurements could be, at least in part, related to clotting necessary to recover serum. 59 Secondly, our cohort of HIV subjects was under PIs among HAART used (26/29 patients). Ueland et al's 57 cohort of HIV individuals received no PIs. In addition to decreasing the spontaneous production of OPG by T cells (Figure 6 ), PIs were associated with increased incidence of osteoporosis in HIV patients. 60, 61 As a corollary, HIV patients can present an altered circulating OPG concentration. On the other hand, recent studies on HIV-1 pathogenesis point to increased susceptibility of CD4 þ T cells to TRAIL-mediated apoptosis. 13, 62 Concentrations of circulating TRAIL are increased in HIV-1-infected individuals. 63 Given that OPG is a decoy receptor for TRAIL, our observations of decreased concentrations of circulating OPG in HIV-1-affected subjects could suggest a decreased neutralization of TRAIL and a subsequent enhancement of TRAIL-mediated apoptosis of CD4 þ T cells. However, it is important to stress that the use of circulating OPG as a clinical marker is controversial. The experimental reasons of these apparent discrepancies have been recently summarized. 64 Concentrations of circulating OPG evaluated at one time point can be surprisingly increased in bone destructive diseases. This finding has been interpreted as a compensatory response to abnormal osteoclastic activity. 64 Thus, an appropriate profile of plasma OPG concentrations in HIV-1-affected individuals will require a longitudinal evaluation of multiple plasma samples during several months.
In conclusion, our studies demonstrate the ability of the CD4 þ subset of human blood T lymphocytes to produce a functional OPG protein. The spontaneous and inducible synthesis of OPG by T cells points to an autoregulatory mechanism to counterbalance the expression of RANKL and TRAIL by these activated cells. Infiltrating T lymphocytes during diverse pathologies could represent a non-negligible source of OPG with impact on the local immune and bone homeostasis. Moreover, diseases directly related to the CD4 þ subset of T cells, such as those associated with HIV-1, could have abnormal tissue responses related to diminished OPG production. This could occur through interactions of infiltrating T cells with various cell types. The importance of studying the modulation of T-cell-derived OPG is towards a more profound understanding of the manifold activities regulated by OPG in the skeletal and the immune systems. Modulation of OPG production could emerge as an effective therapeutic option for diverse conditions.
